The aim of the study described in this paper is to derive a fluidised bed reactor model that improve the description of the reactor performance relative to the KuniiLevenspiel type of models frequently used in chemical reactor engineering. The classical SIMPLE algorithm is extended to compressible multiphase reactive flows. The suggested one-dimensional Eulerian-Eulerian two-fluid model is applied to investigate the reactive gas-solid flows of the SE-SMR processes.
Introduction
Steam methane reforming (SMR) is currently the predominant industrial route for hydrogen production. The development of alternative concepts for production of hydrogen via SMR has attracted a lot of attention. A novel concept is the sorption-enhanced steam methane reforming (SE-SMR) process, which involves the addition of a solid sorbent into the SMR reaction system for the selective removal of CO 2 ; and thereby, shifting the equilibrium towards increased hydrogen production. A regeneration step where the CO 2 is released from the sorbent; and thus re-introduce the capture activity, is necessary to make the SE-SMR process economically viable. Hence, the characteristic sorbent reactant utilized in the SE-SMR processes must be exposed to different reactor operation conditions in a cyclic manner. The SE-SMR process thus consists of two main steps: (i) reforming and (ii) regeneration. Because of the heterogeneous nature of the SE-SMR reactions and the relatively low chemical activity life-time of the sorbent, the circulating fluidized bed is a suitable reactor concept that provides possible continuous operation of the process where the solid flux circulating between the reformer and regenerator reactor units aims to successively recover and utilize the chemical activity of the sorbent.
The SE-SMR process operated in fluidized bed reactors have been described with different levels of complexity ranging from the simpler Kunii-Levenspiel type models [5] to rigorous multi-fluid models based on kinetic theory of granular flows (KTGF) [17, 16, 14, 7] . Adopting a Kunii-Levenspiel model [6] , the solids are commonly assumed to be stagnant in the reactor. Moreover, considering the circulating fluidized bed design, a prescribed inter-transfered solid flux between the reactor units is required. The SE-SMR process is dynamic in nature as the solid density and thus the flow behavior like the solid flux changes with time and reaction performance. Hence, the Kunii-Levenspiel models are not appropriate to describe dynamic processes such as the SE-SMR technology. On the other hand, the two-fluid Eulerian-Eulerian models [4] treat the gas and solid particles as inter-penetrating continuous fluids. Hence, a solid flux is incorporated in the two-fluid model which allows for dynamic modeling of interconnected fluidized bed reactors. Lun et al. [9] and Gidaspow [3] have derived KTGF models which have been widely adopted for modeling and simulation of fluidized bed reactors, e.g. the cold-flow studies of Lindborg et al. [8] and Wang et al. [15] . Two-and three dimensional two-fluid models are yet too computational demanding due to the complexity of the gas-solid flow in the fluidized bed reactors. Moreover, chemical reactions and the handling of large geometries of commercial reactors challenge the presently available computing capacity. In particular, the computations becomes excessively time consuming for the additional consideration of interconnected reactors in a circulating fluidized bed design because the dynamic solid fluxes exchanging between the fluidized bed reactors needs to be incorporated in the numerical solution algorithm. Such simulations are highly relevant and important in the progress of commercial fluidized bed reactors for processes such as the novel SE-SMR technology. A one-dimensional two-fluid model has the advantages of considerable lower computational costs relative to the two-and three dimensional models. Whereas details in the complex gas-solid flow within a fluidized bed reactor; as obtained with the two-and three dimensional models, is lost with a one-dimensional two-fluid model, the cross-sectional averaged two-fluid model presents an improvement of the KuniiLevenspiel models regarding the important solid fluxes transferred between the reactor units in a interconnected fluidized bed design.
The present study of the one-dimensional two-fluid model is performed to elucidate whether the model can be reasonably adopted for further simulations of interconnected fluidized bed reactors with a dynamic solid flux transferred between the reactor units. Dynamic solid circulation between fluidized bed units that operate at different conditions is an inherent requirement for the novel SE-SMR technology operated in fluidized bed reactors. A less computational demanding one-dimensional model to study the performance of interconnected reactor units will be an important contribution to the progress of the commercialization of circulating fluidized bed reactors intended for the SE-SMR technology.
Chemical reactions
Steam reforming of natural gas is the predominant production route to hydrogen for large-scale industrial applications. The kinetic reaction rates suggested by Xu and Froment [20] are based on the following reactions:
In the SE-SMR process, the CO 2 capture reaction by a CaO-based sorbent is presented as:
The rate equation adopted in the simulations for the CO 2 adsorption is taken from Sun et al. [12] .
One-dimensional two-fluid model
In the present study, a one-dimensional two-fluid model describing gas-solid flows with chemical reactions in fluidized bed reactors is derived. In the continuum approach, the problem is formulated in terms of mass, species, heat and momentum balances for each of the phases in an Eulerian reference frame. The governing equations describing the reactive flow are presented in the sequent Continuity equation for phase k (= g, s):
Momentum equation for gas phase:
Momentum equation for solid phase:
Species mass balances for phase k (= g, s):
Temperature equation for gas phase:
Temperature equation for solid phase:
In order to close the two-fluid model, constitutive equations are required for: (i) stresses ( 
The finite volume method
To solve the mathematical model in this study, the finite volume discretization technique is chosen.
The two-fluid model equations comprise a set of partial differential equations which require special techniques for finding the solution. The idea is to convert the continuous equations into their discrete counterparts and end up with a system of algebraic equations that can be solved using standard equation solvers.
In the finite volume method the partial differential equations are integrated over a domain subdivided into a number of cell volumes [10, 13, 4, 2] . Volume integrals of convective and diffusive terms in the partial differential equations are converted into surface integrals and evaluated as fluxes at the surface of each cell. The finite volume method is conservative by construction. Another property of the method is that numerous schemes and procedures can be design in order to solve the two-fluid model equations.
The basic discretization of the two-fluid model equations is similar to the approximations of the corresponding transport equations for single phase flow. A minor difference is that the two-fluid model equations contain the phase fraction variables that have to be approximated in an appropriate manner. More important, to design robust, stable and accurate solution procedures with appropriate convergence properties for the two-fluid model equations, emphasis must be placed on the treatment of the interface transfer terms in the phase momentum, heat and mass transport equations. Because of these extra terms, the coupling between the different equations is even more serve for multiphase flows than for single phase flows [4] .
By introducing a generalized variable ϕ that may represent, e.g., velocity, pressure, temperature, void fraction, or species fraction, the conservative differential equation used in the one-dimensional two-fluid formulation can be expressed by the following equation:
where Λ k is a generalized diffusion coefficient, S k is a generalized source and constant cross-sectional area. Equation (11) is integrated over time and axial dimension:
Further, adopting the conventional notation; as illustrated in the one-dimensional staggered grid in figure 1 , the latter equation takes the discrete form:
It is sometimes favorable to linearize the source term according to:
In general, the linearized discrete equations are presented on the form:
where the coefficients a P , a W , and a E depend on the discretization scheme applied. 
Numerical solution algorithm
The numerical solution algorithm sketched in figure 2 is adopted in the present study. Moreover, the staggered grid applied in the discretization is shown in figure 3 . Hence, the phasic scalar variables; pressure, density, species mass fraction, temperature, and void fraction, are evaluated at ordinary nodal points whereas the velocities are evaluated at cell faces in between the scalar nodes. Adopting the notation in figure 3 the conventional representation of a discretized equation (15) is given as:
The unknown variable ϕ can be obtained formulating the linear equations (16) and (17) on the matrix form (18) which can be solved by standard solvers:
Boundary conditions are required for the partial differential two-fluid model: (i) The phasic temperatures, area fractions, and velocities are specified at the reactor entrance, whereas the assumption of continuity is adopted for all variables at the reactor outlet.
(ii) The pressure is specified at the reactor outlet. Further details of the solution algorithm is provided by Jakobsen [4] .
Results
An in-house code for a dynamic one-dimensional Eulerian-Eulerian two-fluid model has been developed for fluidized bed reactors. The one-dimensional model has been applied to simulated the SE-SMR processes and the results have been compared with the results of a two-dimensional model [1] . A cross-sectional averaging operator is Viscous stress:
Wall friction stress: Effective conductivity:
Molecular conductivity:
(27) Effective gas phase diffusivity:
Molecular diffusion coefficient (Wilke [19] ):
Binary diffusion coefficient [11] : Interfacial heat transfer:
Interfacial heat transfer coefficient (spherical particles):
Particle Reynolds number:
Prandtl number: Interfacial force:
Inter-phase drag correlations [3] :
Re p >= 1000 (39) Solid phase collision pressure in terms of the modulus of elasticity:
with G(ǫ g ) given as:
−10.46ǫg+6.557
(42) Table 6 : Constitutive equations for solid phase collision pressure.
adopted to present the results of the two-dimensional model in a corresponding onedimensional representation:
The simulation results presented in figure 4 are obtained based on the following conditions: T in = 873 K, u g,in m/s, ǫ g,in = 1, p g,out = 1 atm, a = 65 in table 5, C Diff = 1 in table 3, and C k = 10 5 in table 2.
Minor differences are observed in the prediction of the chemical reactor performance between the one-and two-dimensional models. Moreover, with extended conductivity fluxes, i.e. C k = 10 5 in table 2, good agreement between the two model solutions are obtained for the temperature profile within the SE-SMR reactor. However, the two-dimensional model shows a larger temperature drop at the reactor entrance relative to the one-dimensional model. This difference is due to the larger convective mixing of solids in the two-dimensional model caused by the multidimensional macroscopic flow pattern.
The one-dimensional model predicts a larger bed expansion relative to the twodimensional model. This observation is related to the relatively higher gas phase velocity prediction of the one-dimensional model. Another observation is the relatively uniform area fraction and velocity prediction through the solid bed and free board zone. A more turbulent radial mixing prediction is obtained by the two-dimensional model. Hence, modifying the drag ǫ g -dependency term in the one-dimensional model accounting for gas by-passing, i.e. gas bubbles, may give better conformity with the simulation results of the two-dimensional model. Improvement of the one-dimensional model is left for further work.
Conclusion
In the present study, an in-house code is developed of a one-dimensional two-fluid Eulerian-Eulerian model describing gas-solid flows within fluidized bed reactors. The reactive flow simulations of the SE-SMR process are compared with the results of a two-dimensional model. Validation of the one-dimensional model is performed to elucidate whether the model can be reasonably adopted for simulation of the two interconnected fluidized bed reactors with a dynamic solid flux transferred between the reactor units. The dynamic solid circulation between fluidized bed units operated at different conditions, is an inherent requirement for the novel SE-SMR technology. Hence, a less computational demanding model to study the performance of interconnected reactor units will be an important contribution to the progress of the commercialization of circulating fluidized bed reactors intended for the SE-SMR technology.
The simulation results of the one-dimensional model are in fair agreement with the two-dimensional model considering the species concentration and temperature predictions of the SMR and SE-SMR processes. On the other hand, deviations between the one-and two-dimensional models are observed for the phase area fractions and the gas phase velocity. This deviation may be related to the gas bubble effect that is not included in the one-dimensional model. For improved one-dimensional model solution, the model should be further extended including the effect of gas by-pass in the dense solid bed.
Further sensitivity analyses, parameter fitting of convective fluxes, modification of the drag model, and modifications for the bubble by-passing are required. It would also be of interest to compare the two-fluid model with a classical Kunii-Levenspiel model.
